DNA microarrays with unmodified oligonucleotides are a cost-effective alternative to cDNA microarrays. This study examined how purity, length, homology and GC content of the oligonucleotide probes influence the sensitivity and specificity of the method using cyanobacterial genes. Oligonucleotide purification by high pressure liquid chromatography was omitted without significant reduction in hybridization sensitivity. For two of three genes tested, a reduction in oligonucleotide length did not reduce hybridization sensitivity, and maximum sensitivity was achieved with probes that were 45 nt long. Oligonucleotide probes with < = 71% contiguous sequence identity to non-target DNA cross-hybridized with the sequences at a rate of < 8%. Cross-hybridization decreased as the GC content decreased from 65% to 55% or 35%. These results support the following criteria for selecting unmodified oligonucleotide probes that generate sensitive and specific microarrays: length of 45 nt, < = 71% identity to non-target sequences, and < = 55% GC content. In most of the bacterial species tested, oligonucleotide probes meeting these criteria were successfully designed for more than 95% of genes.
INTRODUCTION
The DNA microarray is a powerful genomics-based technology that permits simultaneous analysis of thousands of discrete nucleotide sequences. The technology is widely applied for global profiling of gene expression in cells in different biological states or carrying out different biological processes (Debouck and Goodfellow, 1999; DeRisi et al., 1997; Hihara et al., 2001; Hughes et al., 2000; Kim et al., 2001; Laub et al., 2000; McDonald and Rosbash, 2001) .
The basic concept of the microarray is the precise positioning of DNA fragments (probes) at high density on a solid support to which fluorescence-labeled DNA fragments (targets) are hybridized. One method for microarray fabrication uses light-directed combinatorial chemical synthesis (photolithography) (Lipshutz et al., 1999) or ink-jet technology (Hughes et al., 2001 ) to synthesize oligonucleotide probes in situ on the surface of the solid support. These microarrays require specialized equipment and are usually obtained from one of two commercial vendors, Affymetrix, or Agilent. Because the cost of these commercial oligonucleotide microarrays can be prohibitive, many researchers create "spotted microarrays" by arraying synthetic DNA probes on a glass surface by robotic printing (Schena et al., 1995) . Most spotted microarrays use PCR-generated cDNA or genomic DNA fragments as probes (Duggan et al., 1999) . This method has at least two disadvantages: (i) preparation of thousands of PCR probes is labor-intensive and time-consuming, (ii) cross-hybridization occurs between highly conserved homologous genes.
Another alternative to purchasing Agilent or Affymetrix microarrays is to create a spotted microarray with synthetic oligonucleotides as probes (Call et al., 2001; Kane et al., 2000; Relogio et al., 2002; Wang et al., 2003; Wang et al., 2002) . Several methods based on this concept and differing in how the oligonucleotides are fixed to the glass surface have been developed. Covalent binding via reactive 5'-terminal-amino or sulfhydryl groups (Beattie et al., 1995; Joos et al., 1997; Podyminogin et al., 2001; Rogers et al., 1999; Zammatteo et al., 2000) has been the preferred method, despite its cost, because covalently attached probes have conformational flexibility and are resistant to dissociation by high salt or temperature (Southern et al., 1999) .
A simpler, more economical method is to use unmodified oligonucleotides electrostatically fixed on a positivelycharged glass surface. The present study investigated how oligonucleotide characteristics, including purity, length, homology and GC content, influence sensitivity and specificity of microarrays with unmodified electrostatically fixed oligonucleotide probes using cyanobacterial genes.
MATERIALS AND METHODS

Fabrication of microarrays.
Microarrays were fabricated using a DNA Microarray Kit (Nippon Laser & Electronics Lab, Japan) according to the manufacturer's instructions. Unmodified oligonucleotide probes were synthesized chemically, purified by high performance liquid chromatography (HPLC) or gel filtration and robotically spotted onto glass slides using a Gtmas Stamp II microarray spotter (Nippon Laser & Electronics Lab, Japan). The concentration of oligonucleotide solutions used for spotting was 5 µ M (experiments in Figs. 1 and 2) or 3 µ M (experiments in Figs. 3 µ M and 4). Oligonucleotides were immobilized on glass slides by UV crosslinking at 60 mJ/cm 2 . Hybridization-ready microarrays were stored in a desiccator at room temperature.
Oligonucleotide design. The 70-mer oligonucleotide probes were designed for 11 genes of the cyanobacteria Synechocystis sp. strain PCC 6803 according to the following criteria; (i) 40-50% GC, (ii) no repeated sequence, (iii) <50% sequence identity to non-target genes in the Fig. 1 . Fluorescent image of a Synechocystis microarray with unmodified oligonucleotide probes. The oligonucleotide probes are 70-mers purified by HPLC and spotted in duplicate. Fig. 2 . Effect of method for oligonucleotide purification on signal intensity. Unmodified 70-mer oligonucleotides were used as probes. The broken line indicates ratio of 1.0, when identical signal intensity is observed for gel filtration-and HPLC-purified oligonucleotides. Error bars indicate standard deviation (n = 6).
genome (Kaneko et al., 1996) . For the kaiB2 and kaiC3 genes, no such oligonucleotide probes could be designed with 40-50% GC content. The nucleotide sequences of these oligonucleotide probes are listed in Table 1 . These 11 probes were used in the experiment shown in Fig.  1 . A series of overlapping probes targeting kaiA , sasA and kaiC1 were designed with decreasing length and similar GC content. These probes were used for the experiment in Fig. 3 and are shown in Table 2 . In addition, 3 sets of 9 oligonucleotide probes (CP and P) were designed with similar GC content and decreasing percent identity to the complement of its homologous target (HT) (see RESULTS for details). The control probe (CP) in each set of 9 probes had 100% identity to the complement of the HT. All probes were designed to lack a tendency to form extremely stable secondary structures ( ∆ G > -10 kcal/mol). These probes are shown in Table 3 and were used in the experiment in Fig. 4 .
Isolation of Synechocystis total RNA. Synechocystis was grown in BG-11 liquid medium (Rippka et al., 1979) at 30 ° C under continuous white light from fluorescent lamps at a light intensity of 46 µ mol m -2 sec -1 by aerating with ordinary air. When the optical density at 730 nm (OD 730 ) of the cell culture reached 0.3, cells were harvested and frozen in liquid nitrogen. Twenty OD 730 units of frozen cells were ground by mortar and pestle until thawed in 300 µ l of lysis buffer (2% SDS, 10 mM sodium acetate, pH 4.5) and 600 µ l of water-saturated phenol. Cell lysates were incubated at 65°°°° C for 10 min with vortexing every 2 min, and centrifuged at 15,000 rpm for 15 min at 4°°°° C. The supernatant was extracted twice with phenol:chloroform (5:2) and RNA was precipitated by addition of an equal volume of 2-propanol. The precipi- Table 3 . Oligonucleotide probes were purified by gel-filtration. Error bars indicate the standard deviation (n = 4). A, Effect of GC content and contiguous sequence identity on the rate of cross-hybridization. NC is a non-complementary probe (negative control). B, Effect of discontiguous sequence identity on the rate of cross-hybridization.
tated RNA was purified using the SV total RNA isolation system (Promega, USA).
Preparation of fluorescence-labeled target DNA.
Fluorescence-labeled target cDNA was prepared by directly incorporating Cy3-dUTP or Cy5-dUTP (Amersham Bioscience, NJ) during random-primed reverse transcription using 2.5 µ g Synechocystis total RNA with a RNA fluorescence labeling core kit (M-MLV version 2.0, TaKaRa, Japan).
Hybridization and washing of microarrays. Microarrays were hybridized and washed using a Hybridization Reagents Kit (Nippon Laser & Electronics Lab, Japan). Hybridizations were carried out at 65 ° C ( Scanning and data analysis. Hybridized microarrays were scanned at 10-µ m resolution using a GenePix 4000B scanner (Axon Instruments, Inc., CA). The signal intensity and local background were determined with GenePix Pro 3.0 software (Axon Instruments, Inc., CA). Net signal intensity was calculated by subtracting the median background intensity from the mean signal intensity.
Selection of optimal oligonucleotide probe sequences in bacterial genomes. We calculated the GC content of every 45-nt span of nucleotide sequence for each gene in a genome using Perl scripts (Wall et al., (Kaneko et al., 1996) . Table 2 . Oligonucleotide probes with various length for kaiA , kaiC1 and sasA . Table 1 . b The oligonucleotide is predicted not to form stable secondary structure.
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2002). Nucleotide sequences with >55% GC content were rejected. Surviving nucleotide sequences were examined for sequence identity to non-target genes using BLAST (Altschul et al., 1997) with parameter settings of word size = 7 and gap penalty = -3. Then, nucleotide sequences that showed >71% sequence identity to nontarget genes were rejected. 
35_60 P t g g t g AGTTAACAGAACACATTCTATCAGCTA t c g t t c a t t t a c a 60 33 35_51 P t g g t g t c TTAACAGAACACATTCTATCAGC a t t c g t t c a t t t a c a 51 35 35_40 P t g g t g t c a a AACAGAACACATTCTATC t c g a t t c g t t c a t t t a c a 40 33
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NC P a a a g c g g t t t g a g g a a a c g c g a a c g g t g t c g a g a t g a a c t t t a g c 0 49
a The Cy5_GC65, Cy5_GC55 and Cy5_GC35 oligonucleotides were labeled with Cy5 at their 5' ends. The NC oligonucleotide was used as a negative control. b HT, Cy_5 labeled homologous target DNAs; CP, control probe DNA with an identical sequence to the complementary strand of the HT; P, probe DNAs showing 89 to 40% sequence identities to the complement strand of the HT.
c The lowercases represent nucleotides that are not complementary to the HT oligonucleotides. The bold characters represent nucleotides complementary to the HT oligonucleotides.
d The values represent sequence identity to the complimentary sequences of Cy5_labeled oligonucleotides.
RESULTS
Fabrication of a Synechocystis microarray using unmodified oligonucleotides. In this study, smallscale spotted microarrays with unmodified oligonucleotide probes were used to systematically analyze the effects of oligonucleotide characteristics on fluorescence signal specificity and sensitivity. Fig. 1 shows a fluorescent image of a microarray that contained HPLC-purified 70-mer oligonucleotide probes for 11 genes and was hybridized with Cy3-labeled Synechocystis cDNA. The fluorescent signals were uniform and homogenous and signal intensity was reproducible in duplicate spots. These results indicate that unmodified oligonucleotide probes were stably fixed on the glass surface and hybridized efficiently with their cognate Synechocystis cDNA target.
The Synechocystis genome has three psbA genes: psbA1, psbA2 and psbA3. psbA1 shares 80% nucleotide sequence identity with psbA2 and psbA3, but psbA1 is not expressed (Salih and Jansson, 1997) . The psbA genes were used to examine the hybridization specificity of the spotted oligonucleotide microarray by measuring crosshybridization to 70-mer probes for each psbA gene. The oligonucleotide probe for psbA1 produced a very weak signal, but the probes for psbA2 and psbA3 produced a strong signal (Fig. 1) , indicating that under these conditions, minimal cross-hybridization occurs between two genes sharing 80% sequence identity.
Effects of the purity and length of oligonucleotides on signal intensity. Oligonucleotide-based microarrays are usually prepared using oligonucleotides purified by HPLC (Relogio et al., 2002) . Because HPLC purification increases the oligonucleotide cost, less expensive oligonucleotides purified by gel filtration were compared with identical probes purified by HPLC. Fig. 2 shows the ratio of the absolute signal intensity for the seven paired probes. For three gene targets (kaiB1, kaiB3 and sasA), the method of oligonucleotide purification had a very small effect on signal intensity. The signals produced by gel-filtration-purified probes were slightly lower for kaiA and kaiC3 and slightly higher for kaiC1 and psbA2. These results indicate that the two purification methods produce comparable results and that unmodified oligonucleotides purified by gel filtration are suitable as probes for spotted oligonucleotide microarrays.
Effect of oligonucleotide length on signal intensity. The microarray signal was also compared when oligonucleotide probes of various lengths (Table 2) were hybridized to target genes kaiA, kaiC1 and sasA in Cy3-labeled Synechocystis cDNA. The relationship between oligonucleotide length and signal intensity is shown in Fig. 3. For kaiC1 , signal intensity decreased with decreasing oligonucleotide length, which is consistent with the change in melting temperature (T m ) associated with decreasing length. In contrast, 56-mer probes for two of three genes, kaiA and sasA, produced a similar signal to the control 70-mer probe, and 45-mer probes produced the strongest signal. These results suggest that in our experimental conditions 45-mer probes are the best choice for oligonucleotide microarrays from the viewpoints of cost and sensitivity.
Effects of nucleotide sequence identity and GC content on cross-hybridization. Oligonucleotide probes for spotted microarrays can be selected to minimize the potential for cross-hybridization to non-target sequences, which is an advantage over cDNA probes. The threshold level of homology that permits cross-hybridization was examined by generating probes with variable GC content and variable percent sequence identity to non-target sequences. Three series of ten 45-mer oligonucleotides were synthesized for this experiment (Table 3 ). The three series had GC content of 65, 55 and 35%, respectively. Each series had three categories of oligonucleotides: a Cy5-labeled homologous target DNA (HT), a control probe 100% complementary to the HT (CP), and eight probes with 89 to 40% sequence identity to the complement of the HT (P). Microarrays were spotted with the CP and P oligonucleotides and hybridized with the HT oligonucleotides. The rate of cross-hybridization was calculated as the signal intensity of a variable probe, P, normalized to the signal of the corresponding control probe, CP. Probes with higher GC content had a higher cross-hybridization rate, probably because higher GC content results in higher T m (Fig. 4A) . This result suggests that probes with GC content >55% should be avoided. When probes had < = 71% contiguous sequence identity to the complementary strand of HT (Table 3, XX_71 to XX_40), the rate of cross-hybridization was <8% independent of GC content (Fig. 4A) . Furthermore, for probes with 35-55% GC content, when contiguous sequence identity was < = 51%, the cross-hybridization rate was undetectable (i.e., equal to the negative control). The rate of cross-hybridization between probes with contiguous and discontiguous identities was also compared. We designed probes with a sequence showing 89% discontiguous identity to the complementary strand of the HT, in which the identical sequence was separated into two parts by one non-homologous sequence (Table 3, XX_DC1 and XX_DC2). Cross-hybridization rate was measured for these probes and probes with 89% contiguous identity (Table 3, XX_89) . Probes with discontiguous identity cross-hybridized at an equivalent or lower rate than probes with contiguous identity (Fig. 4B) . Taken together, these results indicate that probes with < = 71% sequence identity can significantly reduce the crosshybridization whether the identity is contiguous or not.
Searches for optimal oligonucleotide probe sequences in several bacterial genomes. To examine whether the experimentally determined criteria were applicable for probe design in bacteria, 45-nt oligonucleotide sequences with < = 55% GC content and showing < = 71% sequence identity to non-target genes were searched for in every gene in a genome. Eight bacterial species with various genome sizes and GC contents were tested (Table 4 ). In seven of the eight species tested, more than 95% of genes contained at least one oligonucleotide probe sequence meeting all of these criteria. The only exception was Halobacterium sp. NRC-1, in which only 47% of genes contained such oligonucleotide probes because the GC content of the genome is extremely high.
DISCUSSION
This study demonstrated that spotted DNA microarrays using unmodified oligonucleotide probes provide a sensitive and specific assay for target sequences in the Synechocystis genome, provided the probe sequences are selected appropriately. Critical criteria for probe selection were identified as 45 nt length, < = 71% sequence identity to non-target sequences, and < = 55% GC content. Oligonucleotide probes meeting these criteria were successfully designed for most genes in bacterial genomes unless the GC content of the genome was extremely high.
If purification of oligonucleotides by HPLC is omitted, the cost of the oligonucleotide decreases and the yield is improved. Fig. 2 shows that HPLC-purified and gel-filtration-purified unmodified oligonucleotides produced comparable results. In contrast, a previous report indicated that HPLC-purification of amino-modified oligonucleotides was essential, because the signal decreased > 70% if HPLC-purification was omitted (Relogio et al., 2002) . One possible explanation for the difference of findings is that HPLC-purification removes impurities that inhibit covalent binding of the probes to the glass surface via amino groups.
The relationship between probe length and signal intensity was not simple (Fig. 3) ; nevertheless, it was possible to reduce the probe length from 70 to 45 nt in some cases without loss of sensitivity. In this study, sensitivity decreased with decreasing length of the probe for kaiC1, but greater sensitivity was achieved with 45-mer than with 70-mer oligonucleotides for kaiA and sasA. It is noteworthy that the stability of the potential secondary structure of the probe was higher for kaiC1 than for kaiA and sasA (Table 2) , and secondary structure may influence hybridization sensitivity.
It is important to evaluate the degree of sequence similarity that causes significant cross-hybridization. Oligonucleotide probes showing < = 71% contiguous sequence identity to homologous target DNAs cross-hybridized at <8% (Fig. 4A) . A previous study showed that aminomodified 50-mer oligonucleotide probes cross-hybridized at a higher rate at a comparable level of sequence identity, and 8% cross-hybridization was achieved for probes with 40-50% contiguous identity (Kane et al., 2000) . This result indicates that microarrays with unmodified oligonucleotide probes may have higher specificity than microarrays with covalently bound amino-modified probes.
For Affymetrix GeneChip and several spotted oligonucleotide microarrays, the specificity of hybridization is assessed using single-nucleotide-mismatch probes as nonspecific controls (Belosludtsev et al., 2001; Relogio et al., 2002) . This procedure is effective for evaluation of nonspecific hybridization, but it increases cost. However, the mismatch control probes may not be necessary if probes are optimized to maximize specificity using the criteria discussed above.
In summary, unmodified oligonucleotide probes for microarray studies were optimized to improve the sensitivity and specificity of the hybridization signal. For selected target genes in the Synechocystis genome, the optimal probes had a length of 45 nt, < = 71% sequence identity to unintended target sequences, and < = 55% GC content. Other oligonucleotide parameters such as T m , local sequence bias and the stability of potential secondary structures might also be considered. These parameters might cooperatively affect binding to glass slides or hybridization to target DNA, resulting in complex effects and warrant further study. If spotted microarrays are constructed using unmodified 45-mer oligonucleotides purified by gel filtration instead of 70-mer amino-modified oligonucleotides purified by HPLC, their cost can be reduced more than 80%. Shorter oligonucleotides could be used to reduce cost further, if the oligonucleotide sequence and hybridization conditions were optimized appropriately. Using these guidelines, custom-made microarray analysis with unmodified oligonucleotide probes is a flexible, cost-effective, efficient method to measure the expression of multiple genes of interest, and offers a valuable alternative to Northern blot analysis and a less-expensive alternative to commercial microarray formats.
